Cell polarity refers to a functional spatial organization of proteins that is crucial for the control of essential cellular processes such as growth and division. To establish polarity, cells rely on elaborate regulation networks that control the distribution of proteins at the cell membrane. In fission yeast cells, a microtubule-dependent network has been identified that polarizes the distribution of signaling proteins that restricts growth to cell ends and targets the cytokinetic machinery to the middle of the cell. Although many molecular components have been shown to play a role in this network, it remains unknown which molecular functionalities are minimally required to establish a polarized protein distribution in this system. Here we show that a membrane-binding protein fragment, which distributes homogeneously in wild-type fission yeast cells, can be made to concentrate at cell ends by attaching it to a cytoplasmic microtubule end-binding protein. This concentration results in a polarized pattern of chimera proteins with a spatial extension that is very reminiscent of natural polarity patterns in fission yeast. However, chimera levels fluctuate in response to microtubule dynamics, and disruption of microtubules leads to disappearance of the pattern. Numerical simulations confirm that the combined functionality of membrane anchoring and microtubule tip affinity is in principle sufficient to create polarized patterns. Our chimera protein may thus represent a simple molecular functionality that is able to polarize the membrane, onto which additional layers of molecular complexity may be built to provide the temporal robustness that is typical of natural polarity patterns.
cell polarity | fission yeast | microtubules | tip tracking | membrane diffusion T he establishment of polarity involves the accumulation of signaling proteins at specific locations at the cell periphery (1) (2) (3) . In fission yeast, the establishment of polarity patterns that control cell growth and division requires, in addition to the presence of microtubules (4) , an elaborate regulation network with a large number of molecular components (5, 6) (Fig. 1, Left) . In these cells, microtubules are organized into three to four antiparallel bundles that are mechanically aligned along the long axis of the cells, thereby targeting growing microtubule tips to the cell poles (7) . Microtubule plus-end-tracking proteins (+TIPs), such as the endbinding (EB) protein Mal3, mediate the active transport of polarity factors toward cell ends: the polarity factors Tea1 and Tea4, which control cell growth (6, 8, 9) , interact with Mal3, the microtubule regulator Tip1 (homolog of CLIP-170), and the kinesin-7 Tea2 (10) at microtubule tips and are thus targeted to the cell poles. At the cell poles, Tea1 and Tea4 interact with the membrane-bound anchoring protein Mod5 (11) , whose localization at cell poles is itself Tea1 dependent. Tea1 polarization thus appears to be the result of the intricate interplay between cytoskeletal transport, organization of the microtubule cytoskeleton, and Mod5-mediated interaction with the membrane. The relatively stable Tea1/Tea4 mark at the membrane is subsequently used as the source of a diffusive membrane-protein gradient (Fig. 1, Left) : the DYRK-family member kinase Pom1, which links cell length to mitotic commitment, displays a polar cortical gradient (12, 13) . Local long-lived Tea1-Tea4 complexes trigger the association of Pom1 with the plasma membrane by recruiting the protein phosphatase 1 (PP1) Dis2, which dephosphorylates Pom1, thereby locally increasing Pom1 affinity for the membrane (14) . Diffusion on the membrane of dephosphorylated Pom1, followed by autophosphorylation and detachment from the membrane, then establishes a cortical gradient (14) .
The elaborate network of polarity factors described above provides a robust signaling network that is able to perform a number of cellular functions simultaneously in a reliable way. Its dynamic properties are such that new polarization zones can be defined with the help of microtubules when needed (15) , whereas existing polarization zones are robust against the temporary disappearance of microtubules (16) . How the spatiotemporal properties emerge from the design of the network remains, however, largely unknown. Specifically, it is not clear which molecular interactions are essential for spatially defining a polarization zone in the membrane and which interactions are essential for its specific dynamic properties. Due to the large number of network components and the largely unknown (nonlinear) feedback mechanisms between them, it is nontrivial to establish a quantitative model-based understanding that on the one hand captures the complexity of the system, and, on the other hand,
Significance
Cells have to spatially organize their interior to fulfill important functions. In fission yeast, this includes the concentration of polarity factors at cell ends. The molecular network that is responsible for organizing polarity factors consists of a large number of components, including proteins that travel at the ends of microtubules. In an attempt to reduce the complexity of this network, we engineered an artificial chimera protein that interacts both with microtubule ends and the membrane. As predicted by numerical simulations, this simple molecule is able to concentrate at cell ends, but the established polarity is less robust than for natural polarity factors. This finding may lead to a better understanding of the molecular mechanisms that lead to natural polarity patterns.
Author contributions: P.R. and M.D. designed research; P.R., T.R.S., and A.G. performed research; T.R.S. and P.R.t.W. contributed new reagents/analytic tools; P.R. analyzed data; and P.R., T.R.S., P.R.t.W., and M.D. wrote the paper.
The authors declare no conflict of interest.
This article is a PNAS Direct Submission.
Freely available online through the PNAS open access option. 1 allows for simple insights in the basic requirements for polarization. Here we adopt a reductionist experimental approach (17, 18) by first looking for a simple molecular mechanism that is able to spatially define microtubule-dependent polarization patterns in the membrane. With this approach, we aim to reveal basic molecular mechanisms underlying polarization networks in fission yeast cells, which can then help to understand the mechanistic role of additional layers of molecular complexity in this system.
Results

A Chimera Protein That Combines Membrane Binding with Microtubule
Tip Affinity. We hypothesized that a combination of microtubule tip affinity and the ability to associate with, and diffuse in, the membrane provides a basic mechanistic core of the complex polarization scheme presented in Fig. 1 (Left) . It is known that most membrane-bound components depicted in Fig. 1 (Left) are able to physically interact with components associated with microtubule tips (4), effectively leading to an interaction between these membrane components and microtubule tips. We thus decided to express an artificial chimera protein that combines these two basic properties in wild-type (WT) cells (Fig. 1, Right) . Our first idea was to use the end-binding protein dependent microtubule tip-targeting activity of the so-called SxIP motif (19) , even though we were unaware of any reports of +TIPs that use this motif in fission yeast cells. Unfortunately, we did not succeed in expressing a simple +TIP that was functional based on this motif. We therefore chose to use the microtubule tiptracking activity of Mal3 itself, because it is well established that Mal3 is an autonomous microtubule tip tracker (20) . GFP-tagged Mal3 is furthermore able to successfully interact with microtubules tips in a background of WT Mal3 in fission yeast cells (21, 22) (Fig.  2E) . We also chose Mal3 because GFP-tagged Mal3 is never observed to associate with the membrane in WT cells (Movie S1), despite the cortical presence of proteins such as Tea1 and Tip1 with whom Mal3 colocalizes at growing microtubule tips (10, 16, 22) . We therefore did not expect Mal3 to interact with WT polarity factors at the membrane independently of microtubules.
For the ability to associate with the membrane, we chose the membrane binding fragment of Pom1, Pom1-305-510, which cannot be phosphorylated and does not polarize significantly on its own, even in the presence of full-length Pom1 (14) . To assess the distribution of this membrane-binding fragment in the absence of any Mal3-mediated interaction with microtubules, we analyzed the cortical distribution of the GFP-tagged Pom1-305-510 fragment in otherwise WT cells. The fluorescence signal along the cortex was measured with a confocal spinning disk microscope in the central 1-μm-high section of several tens of cells (Methods). After background subtraction, we normalized the fluorescence signal for each cell with the average measured intensity along the cortex to be able to compare profile shapes in cells with different expression levels, as well as cells imaged under different conditions. When averaged over all cells, this analysis ( Fig. 2A , Upper, blue) revealed a slightly higher concentration of the Pom1-305-510 fragment at the poles than at the cell sides, consistent with previous reports (14) , and likely due to interactions of the fragment with heterogeneously distributed phospholipids in the plasma membrane (14, 23) . This increased concentration of the fragment was, however, broadly spread over the cell cortex. A Gaussian fit to the average intensity provides a measure for the width of the profile: w = 8.7 μm ( Fig. 2A and Methods). Because this width is much larger than the perimeter of the medial cell pole (5.1 ± 0.4 μm; see gray arrowheads in Fig.  2A ), we do not refer to this distribution as polarized [again consistent with previous reports (14) ]. Importantly, this Pom1-305-510 fragment distribution was not sensitive to the presence of microtubules because it was not altered by microtubule depolymerization with methyl benzimidazol-2yl carbamate (MBC) (Fig. S1 ).
The Cortical Distribution of the Chimera Protein Is Polarized. When we connected the Pom1 fragment to full-length Mal3, we observed that, in the absence of microtubules, the chimera protein exhibited a cortical distribution similar to Pom1-305-510 alone ( Fig. 2A , Lower). This result shows that association of the Pom1 fragment with the membrane is not affected by the connection to Mal3. However, in the presence of microtubules, the intensity was clearly higher at the cell poles than at the cell sides (Fig. 2B ). In the averaged profile, the fluorescence intensity was increased in a 2.4-μm-wide region around the cell poles, with a ratio of average intensity at the cell pole to that at the cell side of 1.9. The polarized chimera distribution we observed in the presence of microtubules combined with the observation that GFP-tagged Mal3 did not associate with cortical factors (Movie S1) suggests that the Mal3 fragment is able to interact directly with microtubule tips while anchored to the membrane by the Pom1-305-510 fragment. Note that we could not detect any chimera proteins associated with the tips of microtubules in the cytoplasm, as is the case for GFP-Mal3 alone (Fig. 2E) . A plausible explanation is that, due to the strong interaction with the membrane, there is very little chimera protein available for microtubule tip tracking in the cytoplasm.
The width of the chimera profile in the presence of microtubules was similar to that of GFP-tagged Tea1 (Figs. 1, Upper Left, and 2C), for which we found a width of 2.3 μm. The intensity ratio for Tea1 was, however, 6.3, showing that the total amount of chimera protein that becomes polarized was lower than for Tea1. We also
Mal3 -Pom1-305-510 compared with the WT Pom1 profile: here we found a slightly broader profile width of 3.4 μm and an intensity ratio of 5.6 (Fig. 2D ). These results demonstrate that the chimera protein Mal3-Pom1-305-510 displays a polarized distribution whose spatial extension is similar to that of WT Tea1, even though it appears to retain no other functionalities than the ability to interact with the membrane and growing microtubule tips. This polarized distribution is lost when Mal3 is removed from the chimera (see above), even in the background of WT cells, where natural polarity factors such as Tea1 are polarized.
The Cortical Distribution of the Chimera Protein Reflects the Distribution of
Microtubule Contact Points. To further establish the relation between the distribution of the chimera protein and the presence of microtubule tips, we measured the fluorescence signal at the cell cortex in cells expressing GFP-Mal3 and confirmed that microtubule tips were inhomogeneously distributed along the cortex. Their density was significantly increased in a 1.4-μm-wide region around the cell ends (Fig. 2E) , where microtubules are known to stall for about 60-100 s before undergoing a catastrophe (24, 25) . We next examined the distribution of GFP-tagged Mal3-Pom1-305-510 in the background of a tip1 deletion (10) . In tip1Δ cells, microtubules are shorter, and most of their tips fail to reach the cell pole region (Fig. S2) . As anticipated, the distribution of cortical Mal3-Pom1-305-510 was broadened in these cells (Fig. 2F ): the profile width was 5.9 μm (with an intensity ratio of 1.9). These experiments show that polarization of the chimera protein directly depends on the cortical distribution of microtubule tips in the cell. It is important to note that in tip1Δ cells, most microtubule-dependent polarity factors including Tea1 fail to accumulate at cell ends (10) . The fact that Mal3-Pom1-305-510 still polarizes to some extent in these cells further supports the idea that a direct interaction with microtubule tips is responsible for the ability of the chimera to polarize in WT cells.
The Cortical Chimera Distribution Is Sensitive to Microtubule
Depolymerization. Treatment of fission yeast cells with MBC leads to microtubule depolymerization in less than a minute. Although MBC treatment did not induce any change in the cortical distribution of Pom1-305-510 (Fig. S1 ), we observed a gradual disappearance of the polarization of the chimera protein on addition of MBC (Fig. 3A) . Interestingly, there was a fast decrease in the height of the polarization profile at short timescales (within 10 min), with the profile width remaining approximately constant, whereas over longer timescales, we observed a broadening of the profile combined with a further decrease in the height. This observation suggests the existence of two different species: a fast diffusing one that spreads over the cell cortex rapidly after microtubule depolymerization, and a slow diffusing species that loses its polarized distribution over a timescale of tens of minutes ( Fig. 3  C and D) . The coexistence of slow and fast diffusing species was previously also reported for full-length Pom1 based on fluorescence correlation spectroscopy (FCS) measurements (26) . In fact, experiments performed on both the chimera protein and Pom1-305-510 (Fig. S3 ) gave very similar recovery times to those obtained for full-length Pom1 (26) . Possibly, this reflects an intrinsic clustering ability of Pom1 proteins/fragments. After 60 min, we washed out the drug and followed the reappearance of the polarized cortical profile over time (Fig. 3B) . Dynamic microtubules reappeared within 2 min (observed by coimaging cells expressing GFP-tubulin). Six minutes after drug washout, we could observe sharpening of the cortical profile, from 5.3 to 3.1 μm (Fig. 3 B and  C) . Eighteen minutes after drug washout, a fully polarized chimera distribution was restored (Fig. 3D ). This recovery of the polarization is consistent with the diffusing chimera interacting with reappearing microtubules (see below).
Possible Requirement for Other Polarity Factors. It is important to note that most natural polarity factors are sensitive to microtubule depolymerization as well. Therefore, one possible way to explain our results would be to assume that the Mal3 fragment of the chimera protein polarizes via interactions with other polarity factors in the membrane, and not (only) via interactions with microtubule tips. Loss of the polarized chimera distribution on microtubule depolymerization would then be the result of the loss of a polarized distribution of these other polarity factors. As explained above, several observations argue against this explanation: (i) GFP-Mal3 is never observed to associate with polarity factors in the membrane in WT cells, even though it quickly exchanges between growing microtubule tips and a cytoplasmic pool (Movie S1 and Fig. 2E); (ii) the Pom1 fragment is not able to polarize in WT cells even though polarized full-length Pom1 is present in the background; (iii) partial chimera polarization is established in the complete absence of Tip1, a condition under which other polarity factors such as Tea1 fail to associate with microtubule tips or cell ends (10); and (iv) the spatiotemporal dynamics of the polarity loss of the chimera on microtubule depolymerization is very different from that of proteins such as Tea1 (5).
To reconfirm this last point, we measured intensity profiles in cells expressing Tea1-tdTomato, in the absence of WT Tea1 (5) (Fig. S4) . After 10 min of MBC treatment, almost no change in Tea1 polarization was observed. After 30 min of MBC treatment, the average Tea1 signal at the cell ends was reduced and broadened, but very stable "hot spots" of Tea1 signal remained both at the cell ends and elsewhere along the cortex (Fig. S4) (5) . To confirm the difference in response to MBC treatment under the exact same conditions, we further performed experiments in cells coexpressing Tea1-tdTomato and GFP-tagged chimera in the background of a tea1 deletion. In these cells, the expression level of Tea1-tdTomato was generally lower than in cells expressing only tdTomato-tagged Tea1. Nevertheless, individual cells expressing both proteins showed normalized intensity profiles for both Tea1 and the chimera that were similar to the corresponding profiles measured for individual cells expressing only one of these proteins, both before and after MBC treatment (compare Fig. S5 with Figs. 2 and 3 and Fig. S4 ). In the presence of microtubules, there was a weak spatial correlation between the two signals (Fig. S6 ) related to the fact that both proteins were polarized. This correlation was, however, lost on treatment with MBC: whereas the chimera became fully depolarized, clear hot spots again remained in the Tea1 signal that no longer corresponded to elevated chimera signals.
These findings support the idea that the polarization of the chimera is the result of direct interactions with microtubule tips rather than the result of interactions with membrane-bound proteins such as Tip1, Tea1, or Pom1 at cell ends. We cannot exclude that in the chimera, the interaction between Mal3 and microtubule tips needs to be reinforced by weak interactions with other polarity factors. However, it is well known that Mal3 can autonomously interact with microtubule tips unlike other tiptracking proteins in yeast (20) . We therefore tentatively conclude that direct interactions with microtubule tips at cell ends are primarily responsible for polarizing the chimera protein.
A Model for Polarization Based on Membrane Binding and Microtubule
Tip Affinity. To verify the feasibility of our proposed mechanism, we developed a simple computational model and used it to ask whether a diffusible membrane component with microtubule tip affinity is able to establish a polarized protein profile. The interaction of Mal3 with microtubules is very dynamic: the dwell time at microtubule tips is estimated to be below 0.3 s (20) . Thus, a microtubule tip in contact with the cell pole represents a static binding site or "trap" to which membrane-bound Mal3 can bind/unbind multiple times before the microtubule (or trap) disappears due to catastrophe. We performed numerical simulations to confirm that this simple scheme can qualitatively reproduce the main features of the experimentally observed cortical protein pattern. We considered a discrete 1D lattice on which particles diffuse (D = 0.01 μm 2 /s). Although remaining associated with the lattice, these particles can transiently bind to (an arbitrarily chosen number of) two localized traps that appear and disappear on a time scale of tens of seconds, consistent with microtubule dynamics (Fig. 4A) . We chose not to consider an additional cytoplasmic pool of particles because we observed a very low cytoplasmic chimera signal in our experiments. A Monte-Carlo algorithm was used to simulate the dynamic behavior of 1,000 particles. Our simulations show that the average number of particles in a small region encompassing the dynamic traps (corresponding to 1.2 μm) is higher than that in a region of the same size far from the traps (Fig. 4B) . This observation can be explained by the fact that diffusing particles can accumulate at the sites of the traps. This result (qualitatively) shows that the combination of membrane diffusion and interaction with microtubule tips is sufficient to accumulate proteins at the cell poles where the microtubule tip density is higher.
Interestingly, we observed that the number of particles in the simulations fluctuated significantly more near the dynamic traps than far away from the traps. We measured these temporal fluctuations as the ratio between the SD and the mean of the particle number over a 200-s time period for 1.2-μm regions at the cell pole and at the cell side. At the pole, this ratio was found to be on average 0.036 ± 0.002 (mean ± SEM), whereas at the cell side, this ratio was 0.029 ± 0.001 (50 simulations). The histograms of these ratios are presented in Fig. 4D (pole in red, side in blue). A canonical two-sample Kolmogorov-Smirnov test (KS test; see KS Test) confirmed that the two distributions are statistically significantly different. In particular, one can observe at the cell pole large-fluctuation events that are not observed at the cell side. Such events corresponded to the appearance/disappearance of traps followed by a diffusive response of the profile, as can for example be seen in the simulation in Fig. 4B when a trap disappears at t = 220 s. We then asked whether this behavior is also observed experimentally and quantified the temporal fluctuations of the chimera protein fluorescence intensity using the same ratio. Again, the ratio was on average larger at cell poles (0.047 ± 0.002) than at cell sides (0.028 ± 0.001; Fig. 4 E, Lower, and F, Left), and the complete distributions were again significantly different (KS test). By contrast, the intensity fluctuations of the membrane-bound Pom1 fragment, which does not interact with microtubules, were experimentally found to be similar at the cell poles and at the cell sides (Fig. 4E , Upper, and F, Right), further supporting the idea of a Mal3-mediated direct interaction of the chimera protein with microtubule tips.
In our simulations, the average steady-state concentration of cortical proteins is spatially constant except at the actual location of the traps (Fig. 4C) , where it is higher. In other words, no diffusive gradient is present beyond the actual location of the traps. This result is expected from steady-state arguments about diffusive processes in the absence of a constant input (source) of proteins. Note, however, that the measured profile width for the chimera protein is slightly broader than the measured distribution of microtubule tips near the cell pole (Fig. 2E) . A possible explanation is provided by the observation that the chimera proteins appear (partly) clustered in the membrane (Fig. 3C) , as do many natural polarity factors in fission yeast (27) . If this clustering, and subsequent slow diffusion, is in some way promoted by the increase in protein concentration near or at microtubule tips, then this may lead to a diffusive concentration gradient extending beyond the region of microtubule tip-cortex contacts, assuming that the locally created slow diffusing species eventually converts back to a fast diffusing species (see also the discussion of Fig. 3D above) . Note that the profile for full-length Pom1 is also slightly broader than that of its "source," the Tea1/Tea4 profile (14) (Fig. 2D) . This diffusive gradient has however been suggested to result from the localized association of Pom1 with the membrane, followed by diffusion, autophosphorylation, and membrane dissociation (14) .
Discussion
Our combined experimental and numerical results suggest that a single molecular component that combines the ability to diffuse in the membrane with microtubule tip affinity may be sufficient to establish a polarized cortical distribution in elongated cells such as fission yeast, where microtubules naturally align along the long cell axis. It is tempting to speculate that this simple polarization scheme provides a molecular basis for natural, more sophisticated polarization systems as well. A simple physical link between microtubule tips and diffusive membrane proteins may be sufficient for basic spatial polarization of the membrane. Additional layers of complexity such as the strong clustering and (related) static membrane association of Tea1/Tea4, as well as the possible fine-tuning by the phosphorylation/dephosphorylation cycle of Pom1, may then serve to buffer against fluctuations due to microtubule dynamics, protect against (temporary) disappearance of microtubules during for example mitosis, or reinforce the concentration contrast between cell ends and cell sides.
In this context it may also be interesting to rethink the previously proposed mechanisms for the polarization of Mod5 and Pom1. Both these molecules can form indirect physical links to microtubule tips via intermediate molecules (Fig. 1) . Possibly, this is sufficient for their basic polarization. One might for example hypothesize that the initial localization of membrane-bound Mod5 at the cell pole (in absence of prepolarized Tea1) is due to a physical interaction with microtubule tips, mediated by the polarity factor Tea1 itself. The subsequent clustering of Tea1 at the cell poles may then recruit additional Mod5. In the future, it will be interesting to build on our simple chimera system by adding other functionalities to determine what additional molecular properties may lead to the observed robust dynamic properties of natural polarity patterns. It will also be essential to further challenge our conclusion that no other factors are required for the observed polarization of the chimera protein in fission yeast cells. As with any in vivo experiment, it is inherently impossible to completely exclude a role for other molecular components that are naturally present in WT cells. The only remedy here will be to reconstitute the establishment of polarity patterns bottom-up in an in vitro experiment. To reach this goal, we are currently working on experiments where dynamic microtubules and the chimera protein are incorporated in cylindrical emulsion droplets with the size and shape of fission yeast cells.
Methods
Schizosaccharomyces pombe Cell Preparation. Standard methods for Schizosaccharomyces pombe growth and genetics were used. A list of strains used in this study can be found in Table S1 . Before imaging, cells were grown for 16 h at 30°C in synthetic Edinburgh minimal medium (EMM) with appropriate supplements lacking thiamine. For Fig. 2A (Lower), cells were treated with MBC (25 μg/mL) in liquid culture for 90 min at 30°C; 2% (wt/vol) agarose pads were used for imaging. For drug injection/washout experiments, cells were mounted in a lectin-coated microchannel made of parafilm sandwiched between two glass slides. MBC (Sigma) was prepared fresh in DMSO at a concentration of 2.5 mg/mL. MBC was then diluted 100× in the appropriate buffer before injection into the flow cell.
Microscopy and Image Analysis. Cells were imaged with confocal spinning disk microscope at room temperature. Images were acquired with 0.3-μm spacing in the z direction. The medial slices (1-μm-high section) of each cell were sum-projected with ImageJ software (National Institutes of Health), and the fluorescence signal was measured along the cortex (0.5-μm-wide region) after background subtraction. The subsequent treatment of the data was performed with custom-made Matlab (The MathWorks) algorithms. Intensity traces were aligned relative to the cell poles. To compare cells with different expression levels, we normalized individual intensity traces with their respective average intensity values. Finally, we performed a Gaussian fit to the fluorescence intensity profile averaged over all cells to quantify its width w (defined as twice the SD of the Gaussian fit). Note that this method of image analysis also allowed us to compare profile shapes acquired under different imaging conditions (exposure times and/or microscopes). In GFP-Mal3 experiments, the bright fluorescence signal close to the cortex was automatically detected with a homemade Matlab algorithm to detect the cortical location of microtubule tips.
Monte-Carlo Simulations. The cell cortex was modeled as a discretized 1D lattice of 300 sites (separated by 0.03 μm; total length, 9 μm) on which 1,000 particles diffused. Two microtubule tips were simulated as two traps at fixed sites of the lattice separated by 240 nm on the lattice. Trap lifetimes were stochastically set according to timescales typical for microtubule dynamics (on average, τ on ∼ 50 s and τ off ∼ 15 s). It is estimated that, in vivo, up to 200 cytoplasmic Mal3 proteins can bind to a single microtubule tip (28) . However, we set a lower maximum to the number of membrane-bound particles that can interact with a simulated microtubule tip in a normal-incidence geometry: we impose that each trap can bind at most 50 membrane-bound particles. Reaction rates are chosen to approximate known Mal3 kinetics: k off = 5 s −1
. The on-rate is diffusion limited. The particle diffusion constant is set to 0.01 μm
